INTRODUCTION:
Osteoarthritis (OA) is associated with changes in glycosaminoglycan (GAG) expression levels and sulfation patterns 1, 2 , but mechanisms and consequences remain to be elucidated. The sulfation patterns of GAGs are essential in determining the binding capacity and specificity for cytokines and growth factors. In particular, the sulfation of heparan sulfate residues is required for interactions with heparin binding factors that are known to be important regulators of chondrocytes, including Wnt, FGFs, VEGF and BMPs. A novel class of extracellular heparan sulfate 6-O endosulfatases (Sulfs) have recently been identified. These enzymes exist in cell-surface-associated, and hydrolyze the 6-O sulfate of heparan sulfate proteoglycans (HSPGs) 3, 4 . This study addresses that the novel extracellular sulfatases play a critical role for cartilage homeostasis by simultaneously regulating BMP/Smad and FGF/Erk signaling.
MATERIALS AND METHODS:
Mice. Sulf-1 and Sulf-2 knockout (KO) mice, on C57BL/6 background were described earlier 5 . All animal experiments were performed according to protocols approved by the IACUC at The Scripps Research Institute. Wild-type (WT) and Sulfs KO knee joints were harvested at the ages indicated up to 6 months, and stained with safranin O. Histology and Western blotting. Immunohistochemistry for Smad1 and Smad1/5 phosphorylation, Erk1 and Erk1/2 phosphorylation and MMP-13 were performed with antibodies (MMP-13: CHEMICON, Erk1/2: Santa Cruz, others: Cell Signaling Technology) at 1:200. Chondrocytes were stimulated with BMP-7 or FGF-2 (both at 100ng/ml, PeproTech) and cell lysates were harvested. Anti-phosphorylation of Smad1/5, anti-Smad1, and anti-phosphorylation of Erk1/2, anti-Erk1/2 were used for western immunoblotting at a 1:1000 dilution. Quantitative real time PCR (qPCR). Gene expression was analyzed using TaqMan Gene Expression Assay according to the manufacturer's protocol (Applied Biosystems). Gene expression levels were assessed relative to GAPDH. Statistical analysis. Statistically significant differences were determined with 2-tailed Student's t test between two groups and one-way ANOVA between more than two. The results are reported as mean ± SEM. P values of less than 0.05 were considered statistically significant.
RESULTS:
Cartilage degeneration with aging-related and surgical OA in Sulfs KO. Articular cartilage from 3-and 6-month-old WT and Sulfs KO mice was stained with safranin O (n=6-8). In 3 months, all strains were almost normal cartilage, which could keep smooth joint surface and involved rich GAG, however, Sulfs KO showed lower cell density and loss of GAG at 6 months ( Figure 1A ). Both Mankin and summed score were significantly increased in Sulfs KO compared with WT, indicating cartilage degeneration in Sulfs KO with aging ( Figure 1B) . To determine cartilage homeostasis in Sulfs KO, three strains of murine knee joints were performed OA surgery by resecting medial meniscotibial ligament, (n=8-10). Sulfs KO knee joints were accelerated loss of safranin O and fibrillation of articular surface, indicating the progression of cartilage degeneration. Figure 1 MMP-13 protein and several mRNA expressions in Sulfs KO. WT and Sulfs KO knee joints at 4 weeks old were stained with safranin O and MMP-13. Cartilage structure was similar in the three mouse strains, but MMP-13 expression in Sulfs KO was highly expressed especially in Sulf-1 KO as compared with WT (Figure 2A, B) . Reduced basal mRNA levels of Col2a1, and Aggrecan, and increased levels of Mmp-13 and Noggin were observed in Sulfs KO chondrocytes ( Figure 2C , black bar). BMP-7 stimulation increased Col2a1 and Aggrecan expression in KO cells, however these levels were still lower in comparison with WT ( Figure 2C , white bar). BMP-7 induced Noggin and FGF-2 induced Mmp-13 expression were detected in all three strains ( Figure 2C, gray bar) . Smad and Erk expression and activation in Sulfs KO. To determine the effects of BMP-7 and FGF-2 signaling in Sulfs KO, Knee joints from 2 week-old WT, and Sulfs KO mice were stained with safranin O and antibodies specific for Smad1/5 and Erk1/2 phosphorylation and total Smad1 and Erk1 protein expression. Articular cartilage structure, cell density and organization did not appear different Figure 2 in the KO mice as compared to WT from safranin O staining ( Figure  3A -C). Cells positive for Smad1/5 phosphorylation and Smad1 were present in all layers of cartilage in WT mice, whereas their numbers were significantly lower in the KO mice, especially in the Sulf-1 KO ( Figure 3D-I) . In contrast, Erk1/2 phosphorylation in Sulfs KO mice was profoundly increased as compared with WT ( Figure 3J -L). Erk1/2 protein expression was similar in all three strains ( Figure 3M -O). Chondrocytes were isolated from articular cartilage of WT, and Sulfs KO mice at the age of 2 weeks. Western blotting showed reduced levels of Smad1/5 phosphorylation and protein in both KO chondrocytes with a greater reduction in Sulf-1 KO. In contrast, Erk1/2 phosphorylation in chondrocytes from KO mice was significantly higher than in WT. BMP-7 induced Smad, and FGF-2 induced Erk phosphorylation and protein expression were found in all three strains ( Figure 3P) . Figure 3 DISCUSSION: BMPs and FGFs are known for the major signaling pathways for regulating cartilage homeostasis. These signalings are reported antagonistic effects, however the mechanism remains unclear 6 . Figure 4 shows the schema of summarizing BMP-7 Smad1/5 and FGF-2 Erk1/2 pathway with Sulfs. BMP/Smad is significantly suppressed, but FGF/Erk is dramatically accelerated when Sulfs are reduced. The overexpressed Noggin may suppress BMP/Smad signaling. Subsequently, gene expressions in Sulfs KO were reduced anabolic factors such as Col2a1, Aggrecan, and increased catabolic factor, Mmp-13. Finally, Sulf KO is shown early onset of OA by accelerated cartilage degeneration. Sulfs contribute to the balance for cartilage homeostasis by regulating these major signaling pathways at the same time. 
